The feasibility of applying laser-induced phosphorescence in a combustion environment was shown by testing the consistency of the emission-temperature relations of thermographic phosphor particles (YAG:Dy). The relations were calibrated before and after the phosphor particles had passed a flame front. The calibrations were performed in air and in pure oxygen. The emission-temperature relation prevails from around 300 K to 1300 K. The difference in emission-temperature relation for the two different cases is less than the experimental precision (3%).
Introduction
Laser-induced phosphorescence (LIP) measurements are based on the fact that when excited, e.g. by a laser, thermographic phosphors will emit red-shifted light carrying local temperature information. In combustion research, laserinduced phosphorescence has during recent years been demonstrated to have a great potential for surface thermometry in internal combustion engines, gas turbines and fire safety applications, and has been recently extended to gaseous temperature measurements involving combustion [1] [2] [3] [4] .
However, there are several open questions regarding applications of LIP in a combustion environment. For example, there are concerns about oxygen quenching on some types of phosphorescence [5] and about the low signal intensity at high temperature, combined with the strong black-body radiation of the phosphors and/or chemiluminescence of the flame.
Still one of the most important issues is the 'survivability' of phosphors in combustion. For example, YAG:Dy is one of the most widely used phosphors, whose melting point is 2213 ± 7 K [6] . This temperature is of the same order as or below the maximum temperature of many kinds of flames, which may result in phase transitions and even chemical reactions. For LIP applications in combustion research, it is essential to validate if the thermal characteristics of phosphors will change when they experience a hightemperature combustion environment. Although there are other challenges, it is possible to apply LIP in certain applications if the survivability of phosphors is shown. One of the applications is the measurement of temperature distribution inside a constant volume cell, which uses the pre-combustion method [7] to replicate the thermodynamic conditions prevailing in an internal combustion engine.
In the emission spectrum of YAG:Dy, two spectral regions differ in how they are affected by temperature. As shown in figure 1 , with temperature ascending, the 455 nm emission peak increases in intensity whereas the 497 nm emission peak decreases in intensity. The intensity ratio of these two spectral positions exhibits the temperature sensitivity that can be utilized for thermometry. This ratio is recorded at different temperatures whereafter a curve that holds the emission-temperature relation can be fitted to the measured data. By comparing the fitted calibration curves before and after the YAG:Dy particles have experienced a combustion environment, the consistency of YAG:Dy emission-temperature relations, as well as the consistency of the temperature relations between air and pure oxygen environments, are demonstrated.
Experimental method
To calibrate the YAG:Dy emission-temperature relations, a three-window oven was used to control the temperature of the phosphor. The temperature to calibrate against was measured with thermocouples. The oven was not completely air tight, but sufficiently covered to suppress convection. The pressure inside the oven was 1 atm. Due to the fact that the leakage of the oven was very low, the environment in the oven could be altered between air and pure oxygen by flushing the oven accordingly. The phosphors were excited by the third harmonic of a Nd:YAG laser at 355 nm (Quantel YG980) and the emission was collected by two spherical lenses. A dichroic mirror was used to block any scattered light from the 355 nm laser. The light emission from the phosphors was dispersed by a spectrometer and recorded by an ICCD camera. From 485-1308 K, the laser-induced phosphorescence of YAG:Dy was recorded and analyzed to calculate the ratio of the emission peaks at 455 nm and 497 nm. A curve describing the intensity ratio as a function of temperature was fitted from the experimental data. Above ∼1300 K, the sensitivity of the intensity ratio was lost.
The combustion environment was created by a lean (φ = 0.9) methane-air premixed flame on a burner. Phosphor particles were seeded into the air flow of the burner by a seeder (fluidized-bed concept). It could be shown that particles having a 1.8 μm diameter, 4.56 g cm −3 density, 590 J (kg K)
heat capacity and 14.0 W (m K) −1 thermal conductivity would yield a response time of 2 μs when heated up from room temperature to 99% of the flame temperature. In the flame, the phosphor particles were heated to about 2000 K. The gas phase temperature was calculated from the adiabatic flame temperature. The temperature inside the particle is assumed to be uniform because its size is only about 1.8 μm. For the same reason, the relative speed of particles and gas flow is negligible. When we consider a single particle, we can assume the Reynolds number to be 0. The convection is not important in heat transfer. For the simplest calculation, we only consider the conduction; the result has shown that the particles can respond fast enough to the gas phase temperature. If we include the effect of radiation, the response time will only be shorter.
Since the lean flame did not produce any soot particles, the issue of phosphor particle contamination was avoided. After passing the flame, the phosphor particles were cooled down and captured by an impactor. The impactor was connected with a vacuum pump to collect the phosphor particles. The scheme of the experimental setup is shown in figure 2.
Results and discussion
Similar calibration experiments as described above were carried out to study the influence of the combustion environment on the temperature characteristic of the phosphor particles. The aim was to compare the emission-temperature relations of the original phosphor and the phosphor that had passed the flame front in an air environment, as presented in figure 3(a) . At each experimental point, every 50 K, 20 spectra were accumulated to minimize the influence of laser energy fluctuation. Background emission including black-body radiation of the phosphors was also recorded and subtracted to get the corrected signal. The ratio of two spectral peaks could then be calculated. One curve, which can be represented by a fifth-order polynomial very well, can be fitted to all the intensity ratios under each condition.
It is evident that these two curves in figure 3(a) are almost identical, which demonstrated the unchanged property of phosphors after encountering flame. As shown in figure 3(b) , the largest difference between them is 9 K, which occurs around 1015 K. This difference is within the uncertainty of the experiments, which means that the emission-temperature relations are consistent. The result thus shows that combustion does not have an obvious influence on the emissiontemperature relation.
Since combustion often involves consumption of oxygen, the concentration of oxygen might also influence the accuracy of the measurement, in the case of oxygen quenching of the phosphorescence. To assess the effect of oxygen quenching, the experiment was repeated in a pure oxygen environment, which was obtained by flushing the oven with oxygen. The phosphor powder was the same as in the former experiments. Both phosphors were calibrated before and after passage through a lean methane-air flame. At each 250 K from 305-1082 K, the spectra were recorded and compared. For the phosphors that passed the flame, the difference in the emission intensity ratio expressed in terms of temperature was smaller than 20 K, while for the original phosphors, the difference was smaller than 30 K. The differences are again within the uncertainty range. Therefore, when the partial pressure varies from 0.21 atm to 1 atm, oxygen quenching is considered not to have a significant influence on the temperature-dependent emission spectra of YAG:Dy.
The experimental precision depends on the calibration procedure as well as the signal intensity. In the high temperature range, the signal intensity is weakened while the black-body radiation of the phosphor particles increases. The signal to noise ratio decreases consequently. The blackbody radiation was subtracted to correct the signal. However, when the intensity of the black-body radiation is of the same magnitude as the signal, the subtraction will bring an extra error to the signal. Thus, the calibration does not include temperatures above 1308 K. The error of thermocouple measurements is 1% in the experimental temperature range. The precision of the optical system was estimated by making and comparing several emission measurements at the same temperature. The error was minimized by accumulating 20 images at each measurement. The precision of the optical system is 2%. The overall precision is estimated to be better than 3%.
Summary and future work
In summary, we reported the consistency of YAG:Dy emission-temperature relations in a combustion environment. The relations were calibrated for the phosphor before and after passage of a flame front in air and in a pure oxygen environment. The applied emission-temperature relation range was 300-1300 K and an estimated precision is better than 3%. By comparing experimental results under different conditions, we can conclude that the emissiontemperature relation of YAG:Dy is affected neither by a combustion environment nor by the oxygen concentration. The obtained results have shown the applicability of laserinduced phosphorescence for temperature measurements in applications where the phosphor particles are exposed to flame chemistry and flame temperatures then drop to below 1300 K, e.g. to experimentally characterize temperature gradients in a diesel simulation cell.
In a broader view, considering the most difficult application of laser-induced phosphorescence, i.e. turbulent flames, another challenge still remains. Questions such as signal interferences from black-body radiation of phosphor emission and chemiluminescence need to be solved. Due to the turbulence, the signal cannot be corrected by subtracting the black-body radiation and chemiluminescence. Detector gating would not provide an effective suppression either, because most thermographic phosphors used so far have a long lifetime (for YAG:Dy, about 100 ns at 1308 K) and a weak signal at high temperatures. This should be compared to other techniques, e.g. laser-induced fluorescence and Raman scattering where gating down to the laser pulse duration ∼10 ns would not influence the signal intensity but largely suppress all continuous background emission. There is evidently a great need for thermographic phosphors with very short emission lifetime. It has recently been found that some phosphors have phosphorescence lifetimes in the subnanosecond range [8] . However, those phosphors have no sensitivity above 900 K, reducing the high temperature usability. For future development of the laser-induced phosphorescence method, the challenge is to search for a thermographic phosphor type that has both a short lifetime and a strong signal at high temperature.
